von Hippel-Lindau (VHL) disease is a dominantly inherited family cancer syndrome characterized by the development of retinal and central nervous system haemangioblastomas, renal cell carcinoma (RCC) and phaeochromocytoma. Specific germline VHL mutations may predispose to haemangioblastomas, RCC and phaeochromocytoma to a varying extent. Although dysregulation of the hypoxia-inducible transcription factor-2 and JunB have been linked to the development of RCC and phaeochromocytoma, respectively, the precise basis for genotype-phenotype correlations in VHL disease have not been defined. To gain insights into the pathogenesis of RCC in VHL disease we compared gene expression microarray profiles in a RCC cell line expressing a Type 1 or Type 2B mutant pVHL (RCC-associated) to those of a Type 2A or 2C mutant (not associated with RCC). We identified 19 differentially expressed novel VHL target genes linked to RCC development. Eight targets were studied in detail by quantitative real-time polymerase chain reaction (three downregulated and five upregulated by wild-type VHL) and for six genes the effect of VHL inactivation was mimicked by hypoxia (but hypoxicinduction of smooth muscle alpha-actin 2 was specific for a RCC cell line). The potential role of four RCCassociated VHL target genes was assessed in vitro. NB thymosin beta (TMSNB) and proteinase-activated receptor 2 (PAR2) (both downregulated by wt pVHL) increased cell growth and motility in a RCC cell line, but aldehyde dehydrogenase (ALDH)1 and ALDH7 had no effect. These findings implicate TMSNB and PAR2 candidate oncogenes in the pathogenesis of VHL-associated RCC.
Introduction
Renal cell carcinomas (RCC) is the most common adult kidney tumour, accounting for approximately 2% of all adult malignancies. Although only 2% of RCC tumours are familial, the identification of the genetic basis for inherited RCC has provided important insights into the pathogenesis of sporadic RCC. Thus whereas germline mutations in the VHL tumour suppressor gene cause von Hippel-Lindau (VHL) disease, somatic VHL inactivation occurs in most sporadic clear cell RCC (which accounts for B80% of all sporadic RCC). VHL disease (OMIM 193300) affects Bone in 36 000 individuals and is characterized by the development of retinal and central nervous system haemangioblastomas, RCC, phaeochromocytoma, pancreatic islet cell tumours and renal, pancreatic and epididymal cysts (Maher et al., 1991; Lonser et al., 2003; Maher, 2004) . VHL disease displays both intra-and interfamilial variability related to allelic heterogeneity and genetic modifier effects (Crossey et al., 1994; Webster et al., 1998) . Analysis of genotype-phenotype correlations in VHL disease led to a classification of VHL disease into four subtypes: Type 1 VHL is characterized by predisposition to haemangioblastomas and RCC but not phaeochromocytoma, Type 2A by haemangioblastomas and phaeochromocytoma but rarely RCC, Type 2B by haemangioblastomas, RCC and phaeochromocytoma and Type 2C by familial phaeochromocytoma only (Crossey et al., 1994; Neumann et al., 1995; Zbar et al., 1996; Woodward et al., 1997) . Although most kindreds with Type 2 VHL disease harbour a missense mutation, deletions and truncating mutations account for most with a Type 1 VHL phenotype.
Although multiple functions have been ascribed to the VHL gene product, pVHL, undoubtedly a key function is the role of pVHL in regulating the degradation of the a subunits of the hypoxia-inducible transcription factors (HIF)-1 and-2 (Maxwell et al., 1999; Cockman et al., 2000; Kamura et al., 2000; Ohh et al., 2000) . HIF-1 and -2 play a critical role in regulating cellular responses to hypoxia, including the regulation of a wide range of hypoxia-inducible genes involved in energy metabolism (e.g. glucose transporter 1), angiogenesis (e.g. vascular endothelial growth factor (VEGF)) and apoptosis (e.g. NIP3) (Carmeliet et al., 1998; Maxwell and Ratcliffe, 2002) . In the absence of wild-type (wt) pVHL, HIF-1a and HIF-2a are stabilized and HIF-1 and -2 expression is upregulated under normoxic conditions. Accordingly RCC with VHL inactivation demonstrate diffuse expression of hypoxia-inducible genes such as VEGF and carbonic anhydrase 9 (Wykoff et al., 2000; Zatyka et al., 2002) . However, pVHL also regulated target genes by HIF-independent mechanisms (Zatyka et al., 2002; Wykoff et al., 2004; Lee et al., 2005) . There is considerable debate regarding the extent to which HIF-dependent and -independent mechanisms can account for pVHL RCC suppressor activity.
Previously, others and we have reported the identification of pVHL target genes using microarray analysis to document global messenger RNA (mRNA) expression patterns in VHL Wt and VHL-null RCC cell lines (Wykoff et al., 2000 (Wykoff et al., , 2004 Zatyka et al., 2002; Jiang et al., 2003; Staller et al., 2003; Maina et al., 2005) . In order to identify pVHL targets that are linked to the development of RCC we analysed gene expression profiles in a VHL-null RCC cell line that expresses both HIF-1 and -2 and transfected with wt VHL or Type 2A, 2B and 2C mutants. Comparison of gene expression patterns allowed us to identify those genes that were dysregulated only by mutations that are associated with RCC susceptibility.
Materials and methods

Stable transfection
VHL gene expression constructs containing empty vector (pcDNA3.1, Invitrogen, San Diego, CA, USA), wt pVHL (pcDNA 3.1-VHL (1-213). HA) and Type 2A, 2B and 2C mutant pVHL were created and established as stable transfectants into a VHL-defective RCC4 cell line as described previously (Clifford et al., 2001) . Cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), L-glutamine (2 mM), penicillin (50 IU/ml), streptomycin sulphate (50 mg/ml) and G418 (1 mg/ ml). Cells approaching confluence were harvested and the resulting RNA used for gene expression analysis by real-time polymerase chain reaction (PCR).
Oligonucleotide array expression analysis Poly (A) mRNA purification, biotin labelling of complementary RNA and hybridization were performed according to the manufacturers' protocols. Double-stranded complementary DNA (cDNA) was synthesized from 5 mg poly (A) mRNA using reverse transcriptase Avian Myeloblastosis Virus Superscript Choice system (Gibco BRL, Cheshire, UK) with a T7-poly dT primer. 1 mg of cDNA was in vitro transcribed (Ambion, Austin, TX, USA) in the presence of biotinylated uridine triphosphate and cytidine triphosphate (Enzo Diagnostics, Farmingdale, NY, USA). Target for hybridization was prepared and analysed as described previously .
Analysis of RNA by real-time quantitative RT-PCR
Total RNA from each sample used on the GeneChip was treated with DNase 1 (Qiagen, West Sussex, UK) according to manufacturer's protocol. Additional clones were also used to assess consistency of results across different RCC4 cell line clones. Real-time quantitative reverse transcriptase (RT)-PCR was carried out as described previously . Primer sequence for novel RCC specific VHL target genes are shown in (Table 1) .
VHL target gene regulation by HIF-1 or -2 Details of methods and cells used for hypoxic response studies have been reported previously (Zatyka et al., 2002) . Details of the HIF-1 and -2 small interfering RNA (siRNA)s used have been published in full elsewhere . These siRNAs were used to downregulate HIF-1 and/or HIF-2 in RCC4 cell lines containing VHL gene expression constructs with either empty vector (pcDNA3.1, Invitrogen) or the wt pVHL (pcDNA 3.1-VHL (1-213). HA). Cells were grown under normoxic and hypoxic conditions. Real-time PCR was performed to determine whether the hypoxia-inducible target genes were regulated by either HIF-1 and/or HIF-2. All results were referenced to samples with both HIF-1 and -2 intact. The data were normalized to b-actin.
Plasmid constructs and colony formation assay
The proteinase-activated receptor 2 (PAR2) and NB thymosin beta (TMSNB) expression constructs were made by cloning the full-length human coding regions of these two genes, from the RCC4 cell line, into the EcoR1-BamHI sites of pcDNA3.1HA vector (Invitrogen). Plasmid constructs were verified by sequencing. Two micrograms of empty vector or expression vector were transfected, using FuGENE 6 (Roche, Basel, Switzerland) reagent according to manufacturer's instructions into Caki-1 cells. aldehyde dehydrogenase (ALDH)7 and ALDH1 expression constructs were made by cloning their full-length human coding regions into the EcoR1-BamHII sites of pcDNA3.1 vector (Invitrogen). 1 mg of empty vector or expression vector was transfected using FuGENE 6 (Roche) according to the manufacturer's instructions, into 5 Â 10 4 SKRC18 cells. Forty-eight hours after transfection, cells were seeded in serial dilution and maintained in DMEM plus 10% For cell cycle analysis, the full-length human coding regions of TMSNB and PAR2 from the RCC4 cell line were subcloned into the EcoR1-BamHI sites of pEGFP-C2 vector (Clontech, CA, USA).
Anchorage-independent growth assay Caki-1 clones stably expressing TMSNB or the empty vector control were suspended in DMEM 10% FCS agar. Cells were maintained by addition of 200 ml of DMEM 10% FCS, supplemented with 1 mg/ml G418 weekly. After 8 weeks of growth, a final count of colonies was carried out.
Western blot analysis
Protein lysates from 38 RCC tumours/normal pairs were analysed for PAR2 expression. Three RCC cell lines: Caki-1, RCC4-WT (RCC4 cells reconstituted with pVHL) and RCC4-null (RCC4 cells deficient for pVHL) were used for TMSNB and PAR2 colony formation assay. Protein extraction was carried out as described previously (Wiesener et al., 2001; Morris et al., 2005) . For PAR2 analysis, 50 mg of each extract was resolved on 12% polyacrylamide gel. Proteins were transferred onto Immobilon P (Millipore, Bedford, MA, USA) for 1 h and probed with anti-PAR2 mouse monoclonal antibody (sc-13504, Santa Cruz Biotechnology, CA, USA) diluted 1/1000. Signals were detected with horseradish peroxidase-conjugated anti-mouse antibody (DAKO, Ely, UK) diluted 1/4000 and visualized by enhanced chemiluminescence (Amersham, Little Chalfont, Buckinghamshire, UK).
TMSNB Western blot analysis was carried out as described previously (Cha et al. (2003) . Briefly, cell lysates were concentrated with the use of Microcon YM-3 filters (Millipore, Bedford, MA, USA). Equal amounts of each sample (100 mg) were separated on a 18% sodiumdodecyl sulphate gel. Proteins were transferred onto 0.2 mm pore size Immobilon transfer membrane (Millipore, Bedford, MA, USA) by electrotransfer, and probed with rabbit polyclonal antibody to thymosin b 4 (aa 1-14) (ALPCO Diagnostics, Windham, NH, USA) 1/1000 dilution. Signals were detected with horseradish peroxidaseconjugated anti-Rabbit antibody (DAKO, Ely, UK) diluted 1/ 4000 and visualized with enhanced chemiluminescence (Amersham, UK). After analysis, membranes were stained with India ink for standardization, and quantification was performed using a Bio-Rad imaging densitometer with Quantity One software.
Silencing of PAR2 and TMSNB by RNA interference shRNAmir in SKRC18 cells SKRC18 RCC cell line which showed high level of PAR2 and TMSNB expression was selected for siRNA transfection. A total of 2 Â 10 5 cells were seeded into six-well tissue culture plate 24 h before transfection. On the day of transfection, cells were 50-60% confluence. Cells were transfected with the appropriate plasmids: TMSNB, PAR2, or nonspecific negative control (Open Biosystems, Catalog # RHS1703) short hairpin (sh)RNAmir plasmids, by using FuGENE 6 reagent (Roche) in accordance with the manufacturer's protocol. Two TMSNB shRNAmir plasmids were used to target the following mRNA sequences: 5 0 -CTATGTTCCCTGGCTAAGA-3 0 , and 5 0 -CATTGATGACCTTTGTGTA-3 0 . For PAR2 shRNAmir, 5 0 -GCCTTATTGGTAAG GTTGA-3 0 sequence was targeted. Forty-eight hours after transfection, cells were maintained in DMEM plus 10% fetal bovine serum supplemented with 2.5 mg/ml Puromycin (Life Technologies). Cells were harvested at different time points. Stable suppression of gene expression was confirmed using Western blot analysis or RT-PCR.
TMSNB RNA extraction and RT-PCR The expression of TMSNB mRNA from SKRC18 cells was analysed in untreated controls, TMSNB shRNAmir treated and nonspecific control shRNAmir treated after 48, 72 h, and in stable clones. Total RNA was isolated from SKRC18 cells transfected with TMSNB shRNAmir and nonspecific shRNAmir using RNAzol Bee (Campro Scientific, Amersfoort, The Netherlands). Two micrograms of total RNA was used to generate cDNA using SuperScript III reverse transcriptase (Invitrogen). Primers and conditions used for TMSNB RT-PCR were: an initial denaturation of 10 min at 951C followed by 35 cycles of 951C for 30 s, 63.51C for 30 s, 721C for 30 s and a final extension of 10 min at 721C. Primers used for TMSNB RT-PCR were sense primer, which spanned exons 2 and 3 (5 0 -AGGAAACTATCCAGCAAGAGAAAGAGTG-3 0 ) and antisense on exon 3 (5 0 -GATGCAAGAACTACAT ACACAAAGGTC-3 0 ) to give an expected product size of 307 bp. The PCR thermocycle consisted of an initial denaturation of 5 min at 951C followed by 35 cycles of 951C for 5 min, 591C for 30 s, 721C for 45 s and a final extension of 5 min at 721C. Primers used for the glyceraldehyde-3-phosphatedehydrogenase (GAPDH) control were 5 0 -TGAAGGTCG GAG TCAACGGATTTGGT-3 0 and 5 0 -CATGTGGGCCATGAG GTCCACCAC-3 0 . PCR products were visualized on 2% agarose gel with added ethidium bromide.
PAR2 protein extraction and Western blotting SKRC18 cells trasnfected with PAR2 shRNAmir plasmid were harvested at different time points and lysed in mammalian cell lysis buffer, then Western blot analysis was performed with the use of conventional protocols as described previously.
Colony formation assay on stable SKRC18 clones with PAR2 or TMSNB suppression For colony formation assay, stable clones of SKRC18 cells showing suppression of PAR2 or TMSNB expression, and SKRC18 cells stably transfected with nonspecific control shRNAmir were plated into a six-well plate at a density of 300 cells/well, and cells were maintained in DMEM plus 10% fetal bovine serum supplemented with 2.5 mg/ml puromycin (Life Technologies). Counting was performed 15-21 days after plating. Surviving colonies were stained with 0.4% crystal violet (Sigma) in 50% methanol, and counted. Each experiment was carried out in triplicate.
Statistical analysis
Student's t-test was carried out using SPSS 13.0 and statistical significance was taken at the 0.05 level.
Results
Identification of pVHL target genes associated with RCC tumorigenesis
To identify pVHL target genes linked to the development of RCC, we compared gene expression patterns using the Affymetrix U95v2 GeneChip microarrays to assay 12 600 mRNA transcripts in stable RCC4 cell line Identification of novel VHL targets M Abdulrahman et al transfectants expressing empty vector (VHL-null), fulllength wt human pVHL (RCC4/wtVHL) and with pVHL bearing one of the missense germline point mutations (Types 2A, 2B or 2C VHL). Two independent experiments and three clones in total of each cell line were analysed. The results were interrogated to identify genes that were consistently dysregulated in the Type1 and 2B RCC4 cell lines versus the wt pVHL, RCC4 cell line, but that did not show changes in gene expression between Type 2A, 2C and wt pVHL comparisons.
We identified 19 genes (0.01 of total genes analysed) that demonstrated a Xtwofold difference between RCCassociated pVHL mutants and non-RCC-associated pVHL in both experiments and in the three different clones (see Table 2 ). Fourteen of the 19 genes were upregulated by wt pVHL and five were downregulated by wt pVHL.
Real-time PCR analysis was undertaken in each of the cell lines for 8/19 pVHL targets. Expression was normalized to b-actin and the results of the microarray analysis were confirmed for all eight genes (see Table 3 ). Five of the novel pVHL targets were upregulated by wt pVHL (ITGB3BP (integrin beta-3 binding protein), ACTA2 (smooth muscle alpha-actin), ALDH1A1, ALDH7, UGT2B7 (3,4 catechol estrogen uridine diphosphate-glucuronosyltransferase) and three were downregulated TMSNB, PAR2 and INSIG2 (insulin-induced protein 2) ( Table 4) .
Regulation of RCC-associated pVHL target genes by oxygen To determine whether the novel pVHL target genes were likely to be regulated by HIF-dependent or -independent mechanisms, we investigated whether they demonstrated evidence of hypoxic-induction. Thus we analysed the effect of hypoxia on expression of the eight target genes in a pVHL RCC4 cell line such that target gene expression was compared in hypoxia (1%) and normoxia (21%) by real-time PCR to expression of the known hypoxia-inducible pVHL target gene, PAI-1. As expected, expression of PAI-1 was upregulated by hypoxia (mimicking the effect of VHL inactivation) and two of the three target genes downregulated by wt pVHL (INSIG2 and TMSNB) were also induced by hypoxia. Of the five novel RCC-associated pVHL target genes that were upregulated by wt pVHL, hypoxia mimicked the effect of VHL inactivation for ITGB3BP, ACTA2, ALDH1A1 and UGT2B7. However, expression of ALDH7 and PAR2 were not hypoxia-inducible.
Previously, we and others have demonstrated that certain pVHL hypoxia responsive target genes (e.g. CCND1 and GPR56) may be hypoxia-responsive in RCC cell lines but not in other types of cancer. To investigate this effect for hypoxia-responsive RCCassociated pVHL target genes we analysed the effect of hypoxia on expression of ITGB3BP, ACTA2, ALDH1A1, UGT2B7, INSIG2 and TMSNB of in breast (HBL-100) and bladder (EJ-29) cancer cell lines. Except for ACTA2, the results matched those seen in RCC4. However ACTA2, which was downregulated by hypoxia in a RCC4 cell line expressing wt VHL was not hypoxiaresponsive in the two non-RCC cell lines.
To determine whether hypoxia-responsive RCCassociated pVHL target genes are regulated to an equivalent extent by the HIF-1 and -2 transcription factors, we analysed expression of these five genes in a normoxic VHL-null (expressing empty vector pcDNA3.1, Invitrogen) RCC4 cell line in which siRNA was used to differentially downregulate HIF-1a or -2a. SiRNA of HIF-1a and -2a had equivalent effects on the regulation Identification of novel VHL targets M Abdulrahman et al of UGT2B7 and ACTA2, (Figure 1a and b) but TMSNB, ITGB3BP and ALDH1A1 were preferentially regulated by HIF-1 (Figure 1c , d and e). As expected, siRNA for HIF-1a and -2a has no effect on expression of the nonhypoxia-inducible target ALDH7 (Figure 1f ).
VHL target gene expression in primary tumours
The relationship between pVHL regulation of target genes in an isogenic cell line and in primary RCC with VHL inactivation (somatic VHL mutation73p25 allele loss) was investigated by analysing RNA or protein expression. Thus in nine primary RCC with VHL inactivation analysed by real-time PCR, the effect of VHL-inactivation in the RCC4 cell line was mimicked in 4/9 matched normal-tumour pairs for TMSNB, 3/9 for PAR2, 3/9 for ALDHIAI, 2/9 for ACTA2 and 2/9 for ITGB3BP, 1/9 for ALDH7 and 3/9 for UGT2B7 and 1/9 for INSIG2. In addition, PAR2 protein expression was assessed by Western blotting in another set of matched normal-tumour pairs of RCC. PAR2 protein expression was upregulated in 24% (9/38) of RCC (compared to the corresponding normal tissues) (see Figure 1g ).
Effect of restoration of ALDH1 and ALDH7 expression on RCC cell line growth pVHL inactivation is associated with downregulation of expression of ALDH1 and ALDH7. To define the effect of restoring ALDH1 and ALDH7expresion on a VHL-null RCC cell line, empty plasmid pcDNA3.1 or pcDNA3.l containing the full open-reading frame of ALDH1 and ALDH7 was transfected into the SKRC18 RCC cell line (a pVHL-null cell line with low expression of ALDH1 and ALDH7). Cells were selected with geneticin (G418), 48 h after transfection and resistant colonies developing 14-21 days later were stained with 0.4% crystal violet. There was no difference in the colony formation efficiency after transfection with ALDH1 or ALDH7 compared with transfection with empty vector control in three independent experiments. 
Abbreviations: ACTA, smooth muscle alpha-actin; ALDH, aldehyde dehydrogenase; INSIG2, insulin-induced protein 2; ITGB3BP, integrin beta-3 binding protein; PAR2, proteinase-activated receptor 2; RCC, renal cell carcinoma; TMSNB, NB thymosin beta; UGT2B7, 3,4 catechol estrogen uridine diphosphate-glucuronosyltransferase; VHL, von Hippel-Lindau. Key: m ¼ Expression upregulated by hypoxia (fold induction); k ¼ Expression downregulated by hypoxia (fold induction); 2 ¼ Expression unaffected by hypoxia (fold induction); -¼ Not expressed or not analyzable because of very low expression.
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PAR2 and TMSNB increase colony formation
To investigate whether the increased expression of PAR2 or TMSNB associated with VHL inactivation was likely to be implicated in renal tumorigenesis, we transfected wt PAR2 and TMSNB into the Caki-1 (wt endogenous VHL) RCC cell line. High transfection efficiencies were obtained for empty vector, PAR2 and TMSNB constructs (all transfections were spiked with empty green fluorescent protein plasmid). Forty-eight hours after transfection, expression of pcDNA3.1HA-PAR2 or pcDNA3.1HA-TMSNB was observed by Western blot Figure 2 ). Both PAR2 and TMSNB transfections significantly increased colony formation compared to empty vector control transfections in three independent experiments (mean 175%, Po0.0004 and mean 234%, Po0.003, respectively) ( Figure 2 ).
TMSNB increases anchorage-independent growth
The effect of TMSNB on anchorage-independent growth in a soft agar colony formation assay was assessed in Caki-1 cells transfected with empty pcDNA3.1HA. Vector or pcDNA3.1HA-TMSNB. Following selection, clones expressing high levels of TMSNB were isolated and cells were seeded and incubated in soft agar for 8 weeks, each experiment was performed in triplicate with three independent clones. Cells transfected with pcDNA3.1HA-TMSNB showed robust colony growth, whereas there was little colony growth in cells transfected with empty pcDNA3.1HA vector alone. In a duplicate experiment using Caki-1 clones, both the number and size of colonies was increased. The number of large (X100 mm) colonies was increased 280% (P ¼ 0.0001) in clones expressing TMSNB when compared with the control clones (Figure 3) .
Effects of PAR2 and TMSNB silencing in SKRC18 RCC cell line: decreased levels of PAR2 and TMSNB significantly alter the growth rate of SKRC18 cells and inhibit colony formation As our studies of the effect of overexpression of PAR2 and TMSNB in a pVHL-wt RCC cell line had shown that both PAR2 and TMSNB increased cellular proliferation and cell growth, we next investigated the Identification of novel VHL targets M Abdulrahman et al effects of silencing of PAR2 and TMSNB expression in a VHL-null cell line. A SKRC18 RCC cell line with high PAR2 and TMSNB expression was transfected with PAR2 or TMSNB shRNAmir plasmid. Stable clones of SKRC18 cells showing suppression of PAR2 or TMSNB were prepared. Colony formation assay was performed on these stable clones and compared to SKRC18 cells transfected with nonspecific control shRNAmir. The number of SKRC18 cell clones was then counted 14-21 days after transfection. Silencing of PAR2 or TMSNB significantly decreased the growth rate and colony formation of SKRC18 cells. The reduction in number and size of colonies in the silenced group than in the control group was statistically significant (mean 70%, Po0.0005 for PAR2 and mean 60%, Po0.0004 for TMSNB) (Figures 4 and 5) .
Discussion
The complex genotype-phenotype correlations in VHL disease provide an opportunity to correlate specific pVHL functions to organ-specific tumorigenesis. Previously we and others investigated the effect of Type 1, 2A, 2B and 2C VHL mutations on the ability of pVHL to regulate HIF-1 and -2 and bind fibronectin. Although VHL mutations that are associated with RCC (Type 1 and 2B) were associated with loss of HIF-regulation and fibronectin-binding, Type 2A mutations also demonstrated partially impaired ability to regulate HIF suggesting that HIF dysregulation is necessary but not sufficient for RCC tumorigenesis (Clifford et al., 2001; Hoffman et al., 2001) . Direct evidence for a role of HIF overexpression in renal tumorigenesis in VHL disease was obtained from experiments in which mutant HIF-1a and -2a resistant to pVHL-mediated degradation were overexpressed in a RCC cell line with wt pVHL. Interestingly HIF-2, but apparently not HIF-1, overexpression was associated with increased tumour growth Yang et al., 2003) . These findings suggested that inhibition of HIF-2 activity might provide a novel therapeutic approach for VHL-related RCC. However HIF-1 and -2 regulate transcription of a wide repertoire of genes, including targets implicated in angiogenesis, cell metabolism, cell cycle control and cell migration (Wykoff et al., 2000 (Wykoff et al., , 2004 Zatyka et al., 2002; Jiang et al., 2003; Staller et al., 2003; Maina et al., 2005) . As all HIF targets are unlikely to have equivalent effects on renal tumorigenesis the identification of specific RCC-related targets might offer a better approach to developing novel therapeutic strategies. High-density oligonucleotide expression arrays have been used to identify a wide range of pVHL target genes (Wykoff et al., 2000 (Wykoff et al., , 2004 Zatyka et al., 2002; Jiang et al., 2003; Staller et al., 2003; Maina et al., 2005) . Previously we identified 30 genes differentially expressed between a pVHL-wt and pVHL-null RCC4 cell line (Clifford et al., 2001 ). In the current study, we sought to preferentially identify pVHL targets implicated in RCC tumorigenesis using pVHL mutations associated with high to low susceptibility to RCC (Neumann et al., 1995; Zbar et al., 1996; Woodward et al., 1997) . Using a significance threshold of twofold differential expression, we identified 19 novel genes that showed differential gene expression with the RCC-associated mutations (Type 1 and Type 2B) compared to wt pVHL and mutations not associated with RCC (Type 2A and 2C). The microarray expression results were verified for all eight of the RCC-associated pVHL targets that were analysed by real-time PCR, suggesting that our experimental approach had a low false-positive rate. 14 of 19 RCC-associated VHL target genes were upregulated by wt pVHL and might therefore be considered as potential Identification of novel VHL targets M Abdulrahman et al tumour suppressors. However in many cases little information on gene function was available. For example KIAA0740 (RHOBTB1) is a member of the Rho guanidine triphosphatasase superfamily and is highly expressed in the kidney but it's precise function has not been defined (Li et al., 2004) . The ITGB3BP (integrin beta-3 binding protein) gene encodes three transcripts, one of which, NRIF3, induces apoptosis human breast cancer cell lines (Huff et al., 2001) . Thus in many cases further work is required to investigate the relevance of dysregulation to renal tumorigenesis. To investigate whether reduced expression of the aldehyde dehydrogenases (which catalyse the oxidation of various aliphatic and aromatic aldehydes to the corresponding carboxylic acids), ALDH1 (ALDH1A1) and ALDH7 (ALDH3B1), was likely to be causally associated with RCC tumorigenesis we re-expressed these genes in a VHL-deficient cell line. However no effect on in vitro growth was detected. Five RCC-associated VHL targets (SLC5A3, KIAA0836 (D-glucuronyl C5-epimerase), INSIG2, TMSNB and PAR2 were downregulated by wt pVHL and so were considered potential RCC oncogenes. Interestingly two of these genes, TMSNB and PAR2, had been linked to tumorigenesis. Thus TMSNB (NB thymosin beta or TMSL8) is a member of the bthymosin family. These highly conserved polar 5 KDa peptides are widely expressed and play an important role in the organization of the cytoskeleton. Thus they bind to and sequester actin monomers (G-actin) and therefore inhibit actin polymerization (Grant et al., 1995) . In addition they have been implicated in angiogenesis, wound healing and apoptosis (Hall, 1991 (Hall, , 1994 Frohm et al., 1996; Malinda et al., 1997; Iguchi et al., 1999; Niu and Nachmias, 2000) . Thymosin beta 4 and beta 10 mRNA expression was reported to be upregulated in RCC and normal human embryonic kidney (compared to normal kidney) (Dery et al., 1998) . We found that overexpression of TMSNB increased growth of RCC cell lines in vitro and induced cell cycle progression. As TMSNB was hypoxia-inducible, these functions might also be implicated in non-VHL-related cancers with tumour hypoxia.
Proteinase-activated receptors (PARs) are G-protein coupled receptors (Nguyen et al., 1999) . PAR2 (F2RL1) is one of the four known PARs and has been shown to play a role in secretion, smooth muscle contractility, neuromodulation, inflammation, fibrosis, angiogenesis and cancer metastasis (Bertog et al., 1999; Cocks et al., 1999; Danahay et al., 2001; Fiorucci et al., 2001; Hoogerwerf et al., 2001; Richard et al., 2001; Vergnolle et al., 2001; Frungieri et al., 2002; Hollenberg, 2002; Milia et al., 2002) . We found that increased PAR2 expression enhanced, and reduced expression decreased, growth of RCC cell lines in vitro, suggesting that upregulation of TMSNB and PAR2 following VHL inactivation contributes to RCC tumorigenesis, although, we note that TMSNB and PAR2 were only upregulated in a proportion of primary RCC with VHL inactivation. However it is unclear whether this may be related to the effect of specific VHL mutations or whether the loss of pVHL regulation of TMSNB and GAPDH was used as a control for equal loading and RNA integrity.
Identification of novel VHL targets M Abdulrahman et al PAR2 expression is modified by the additional genetic and epigenetic effects that occur in renal tumorigenesis. We investigated the relationship between expression of eight RCC-associated VHL target genes and hypoxia. Most targets (6/8) were hypoxia-responsive such that the effect of hypoxia mimicked that of VHL inactivation. Previously Type 2A mutations (that are not associated with RCC) affecting the pVHL HIF-binding domain were shown to be associated with HIF-dysregulation (Clifford et al., 2001) . However the HIF-dysregulation associated with 2A mutations appears to be less severe than that with Type 1 and 2B mutations and Type 2A mutant pVHL retains significant ubiquitin ligase activity towards HIF-1a in vitro (Clifford et al., 2001; Knauth et al., 2006) . These observations are consistent with our findings that both HIF-dependent and -independent target genes were associated with RCC susceptibility. We and others have observed that some pVHL target genes are hypoxia-inducible in RCC cell lines but not in other cancers such as breast or bladder. Such targets (e.g. ACTA2, CCND1 and GPR56) show tissue-specific responses to hypoxia (Zatyka et al., 2002; Bindra et al., 2002; Baba et al., 2003; Maina et al., 2005; Wang et al., 2005) . This phenomenon may be implicated in the striking organ-specific pattern of tumour susceptibility observed in VHL disease. Among hypoxia-responsive genes we and others have observed that pVHL targets such as Cyclin D1 may respond differentially to HIF-1 and -2 (Lee et al., 2005; Maina et al., 2005; Raval et al., 2005) . Furthermore, HIF-2 and -1 appear to have differential effects on renal oncogenesis with HIF-2 overexpression enhancing tumour growth in vivo (Kondo et al., 2002 Maranchie et al., 2002; Yang et al., 2003; Raval et al., 2005) . Nevertheless, although the net effect of HIF-2 target genes may be more pro-oncogenic than that of HIF-1target genes, not all target genes will have equivalent effects. Thus we demonstrated that TMSNB overexpression stimulated RCC line growth in vitro, but was primarily regulated by HIF-1. This suggests that although, on balance, activation of HIF-1 target genes may not have a major effect on tumorigenesis, different HIF-1 target genes may have varying effects. TMSNB has not previously identified as a hypoxic response gene, but we found that it was hypoxia-inducible in all three types of cancer cell lines. This suggests that TMSNB may be implicated in non-VHL-related cancers in which tissue hypoxia leads to activation of the HIF pathway (Maxwell, 2005) .
One of the key unanswered questions regarding pVHL function is the extent to which HIF-independent functions contribute to pVHL tumour suppressor function. It appears that pVHL regulation of JunB/ EglN3 expression via a HIF-independent pathway has a critical role in phaeochromocytoma development (Lee et al., 2005) and HIF-independent pVHL functions have also been implicated in RCC (Clifford et al., 2001) . We identified two non-hypoxia-responsive VHL target genes, PAR2 and ALDH7. Whereas we did not find evidence that ALDH7 had a significant effect on RCC growth, overexpression of PAR2 in a wt pVHL RCC cell line increased tumour cell growth and silencing of PAR2 in a VHL-null cell line reduced cell growth. Most Type 1 VHL mutations are deletions, truncating mutations before the elongin binding domain (Trp88, Asn90, Gln96, Tyr98 and Tyr112) or missense substitutions at residues buried within the that result in loss of structural integrity. In contrast Type 2 mutations are mainly missense and the prototypic 2B mutations at codon 167 interfere with elongin binding whereas this is retained with 2A and 2C mutations. Thus increased PAR2 expression associated with Type 1 and 2B mutations could be linked to failure to ubiquitinate pVHL targets that can still be bound by 2A and 2C mutant pVHL proteins. Identification of the mechanisms by which pVHL regulates PAR2 can provide important insights into pVHL HIF-independent tumour suppressor functions.
